Radioactively labeled 4.5S RNA containing statistically distributed 4-thiouridine residues in place of normal uridine was prepared by T7 transcription. The ability of this modified 4.5S RNA to form a complex with the protein Ffh was demonstrated by a gel shift assay. The modified 4.5S RNA, with or without Ffh, was added to Escherichia coli ribosomes under various conditions, and crosslinking from the thiouridine residues was induced by irradiation at 350 nm. The crosslinked ribosomal components were analyzed by our standard procedures. Two clearly defined types of crosslinking were observed. The first was a crosslink to 23S rRNA, which was entirely dependent both on the presence of Ffh and a nascent protein chain in the 50S subunit. This crosslink was localized to nt ; 2828-2837 of the 23S rRNA, from position 84 of the 4.5S molecule. The second type of crosslinking, to the 30S ribosomal subunit, was independent of the presence of Ffh, and was found both with vacant 70S ribosomes or isolated 30S subunits. Here the crosslink was localized to the 39-terminal region of the 16S rRNA, from positions 29-50 of the 4.5S RNA. Crosslinking to ribosomal protein S1 was also observed. The known crystal structure of the protein Ffh/4.5S RNA fragment complex was extrapolated by computer modeling so as to include the whole 4.5S molecule, and this was docked onto the ribosome using the crosslinking data. The results are discussed in terms of multiple functions and binding sites of the 4.5S RNA.
INTRODUCTION
The prokaryotic equivalent of the signal recognition particle (SRP) is the 4+5S RNA, complexed with the 48 kDa protein Ffh (Poritz et al+, 1990; Ribes et al+, 1990 )+ Protein Ffh is organized into three distinct domains, whereby the C-terminal M domain is the one that is involved in interactions both with the 4+5S RNA and with the signal peptide sequence at the N-terminus of a nascent protein chain emerging from the 50S ribosomal subunit (Römisch et al+, 1990; Zopf et al+, 1990 )+ The 4+5S RNA correspondingly consists of 114 nt, which are folded into a single long irregular hairpin (Lentzen et al+, 1996; Schmitz et al+, 1996) , the binding site for the M domain of protein Ffh being contained within a stretch of about 43 nt at the loop end of the hairpin (Gowda et al+, 1997; Jovine et al+, 2000) + An X-ray crystallographic structure has recently been reported for the Ffh M domain complexed with a 49-nt RNA fragment (Batey et al+, 2000) , and this structure shows a prominent groove in the protein moiety that has been proposed to interact with the signal peptide (Keenan et al+, 1998) + In contrast to these detailed structural studies, very little is known about the sites of interaction between the SRP (either prokaryotic or eukaryotic) and the ribosome+ Furthermore, there is a considerable body of evidence indicating that the 4+5S RNA has more than one function and hence probably more than one ribosomal binding site+ First, the ratio of 4+5S RNA to protein Ffh in the cell is about 4:1 (Jensen & Pedersen, 1994) , suggesting that the 4+5S molecule may have functions that do not involve Ffh+ Consistent with this is the now well-established fact that 4+5S RNA is able to interact with elongation factor G (EF-G; Shibata et al+, 1996) , and the binding site for the factor has been shown to lie within the same 4+5S region that binds to Ffh (Nakamura et al+, 2001 )+ In other studies, mutations have been identified in ribosomal RNA that suppress the requirement for 4+5S RNA (O'Connor et al+, 1995) ; these mutations are distributed over the 16S and 23S rRNA at locations that are widely separated in the threedimensional structures (Ban et al+, 2000; Wimberly et al+, 2000) of the ribosomal subunits, again suggestive of multiple binding sites for the 4+5S molecule+ We are interested in investigating the interactions between 4+5S RNA and the Escherichia coli ribosome, with the help of two different approaches+ In the first approach, a complex has been isolated consisting of the M domain of protein Ffh, 4+5S RNA, and the 70S ribosome carrying a nascent peptide (Avdeeva et al+, 2002) , with a view to making cryoelectron microscopic and structural probing studies+ This article however is concerned with the application of the second approach, which is to make use of established crosslinking techniques (Rinke-Appel et al+, 1993; Dontsova et al+, 1994) to identify points of contact or close neighborhood between the 4+5S RNA and the components of the ribosome+ To this end, we have prepared a 4+5S RNA analog carrying statistically distributed 4-thiouridine (thio-U) residues in place of normal uridine+ Irradiation with UV light at 350 nm generates effectively zero-length crosslinks from the thio-U residues, and previous experience with similar analogs of mRNA (Dontsova et al+, 1992; Rinke-Appel et al+, 1993) or 5S rRNA (Dontsova et al+, 1994; Dokudovskaya et al+, 1996) has indicated that this crosslinking method gives reliable results that are compatible (Sergiev et al+, 2002) with the established X-ray crystallographic structures of the ribosomal subunits (Ban et al+, 2000; Schluenzen et al+, 2000; Wimberly et al+, 2000) + Here we present the results of crosslinking experiments with this 4+5S RNA analog, and describe the analysis of a highly specific Ffhdependent crosslink between the 4+5S RNA and 23S rRNA, as well as Ffh-independent crosslinks from the 4+5S RNA to the rRNA and protein moieties of the 30S subunit+
RESULTS

Complex formation between thio-U-containing 4.5S RNA and protein Ffh
Protein Ffh carrying a His-tag was isolated from an expression clone of E. coli, and 32 P-labeled 4+5S RNA was transcribed from a PCR-generated DNA fragment using T7 polymerase, as described in Materials and Methods+ The transcription mixtures contained both thio-UTP and a-32 P-UTP, and in preliminary experiments the molar ratio of thio-UTP to UTP was varied to see whether incorporation of thio-U into the transcripts affected their ability to form a complex with Ffh+ The extent of complex formation was analyzed by a gel shift assay (cf+ Lentzen et al+, 1994; Suzuma et al+, 1999) , an example being illustrated in Figure 1+ It can be seen that as the proportion of thio-UTP in the 4+5S transcription mixtures is increased, the ability to form a complex with Ffh is progressively reduced+ For the subsequent crosslinking experiments, an input ratio of thio-UTP:UTP of 5:1 was chosen, a value between those of lanes 2 and 3 in Figure 1 , leading to approximately 50% complex formation+ The smeared nature of the residual 4+5S RNA bands in lanes 1 to 4 of Figure 1 suggests, however, that the complex is rather unstable in this gel electrophoresis system, and hence that the level of 50% complex formation is likely to be an underestimate+ In control experiments with transcripts containing no thio-UTP, complex formation was complete under the same conditions (data not shown)+ Thio-UTP is incorporated into RNA less efficiently than normal UTP during T7 transcription (Dontsova et al+, 1994) , and the ratio of thio-U to U in the transcribed 4+5S RNA was accordingly assessed by digestion with ribonuclease T2 followed by two-dimensional thin-layer chromatography (Stade et al+, 1989) in a system that separates thio-Up from Up+ After digestion with ribonuclease T2, the 32 P-label moves to the next nucleotide 59 with respect to each U residue, but, because there are a number of sites in the 4+5S molecule where two FIGURE 1. Gel shift assay showing complex formation between Ffh and 32 P-labeled 4+5S RNA containing increasing amounts of thio-U+ In lanes 1 to 4 the ratio of thio-UTP:UTP in the transcription mixtures was 3+3:1, 4+3:1, 7+3:1, and 9+0:1, respectively+ Lane 5 is a control sample minus Ffh+ or more adjacent U residues occur (see Fig+ 4A) , the thin-layer chromatograms show spots corresponding to both radioactive Up and radioactive thio-Up, from which the ratio of thio-U to U in the transcript can be estimated+ At the input ratio of thio-UTP:UTP of 5:1 chosen for the crosslinking experiments, the ratio of thio-U to U incorporated into the 4+5S product was found by this method to be approximately 30%, a value similar to that observed in our previous studies on 5S rRNA (Dontsova et al+, 1994) + It is also noteworthy in this context that conformational variants of the 4+5S RNA have been mentioned in the literature (Lentzen et al+, 1994 )+ We occasionally observed such a variant in our T7 transcripts on gels similar to that of Figure 1 , which appeared as a band running at a position halfway between that of the 4+5S RNA and the complex+ This conformational variant (which could also possibly be a dimer) had the same nucleotide sequence as the 4+5S RNA, but was unable to participate in complex formation with Ffh and had the additional property of being remarkably resistant to ribonuclease digestion+
Preparation of ribosomal complexes and crosslinking
To generate a nascent peptide on the ribosome carrying a signal sequence, a T7 transcript was prepared from a fragment of the b-lactamase gene (see Materials and Methods)+ This transcript contained the sequence coding for the first 69 amino acids of the protein (including the signal peptide) with no termination codon, so that the nascent peptide would remain bound to the ribosome as a run-off translation product+ Tests with radioactive amino acids showed that a peptide product of the expected length could be isolated from translation mixtures containing this mRNA analog in an E. coli protein-synthesizing system, and that approximately 7% of the ribosomes carried a nascent chain+
For crosslinking experiments, translation mixtures were prepared with the mRNA analog, and, after incubation, the 70S ribosomes were separated from the other translational components by centrifugation through a sucrose cushion (High et al+, 1991) + Next, the 32 Plabeled 4+5S RNA-Ffh complex was added, and, after a short incubation, crosslinking was induced from the thio-U residues by irradiation at 350 nm+ The crosslinked products were separated by our usual procedure (Stade et al+, 1989) in a series of sucrose gradient centrifugations+ The first gradient, at high magnesium concentration, separates the 70S ribosomes from unbound 4+5S RNA and Ffh; the second, at low magnesium concentration, dissociates the 70S ribosomes into 30S and 50S subunits; and the third gradient, in SDS, separates ribosomal proteins from 16S or 23S rRNA+ In control experiments, the mRNA was omitted from the translation mixture, or 4+5S RNA alone was added in place of the 4+5S-Ffh complex+ In further experiments, vacant 70S ribosomes or isolated 30S subunits were used in place of the translation mixture; in these cases (also with or without Ffh), the sucrose cushion centrifugation step was omitted+
In typical experiments, with an initial input of 20-50 ϫ 10 6 cpm of 32 P-labeled thio-U-containing 4+5S RNA, the amount of radioactivity cosedimenting with the 70S ribosomes in the first sucrose gradient was of the order of 500-1,000 ϫ 10 3 cpm (i+e+, about 2%)+ This low level of binding reflects a number of factors, including the small proportion of ribosomes engaged in synthesis of the full-length b-lactamase peptide, a nonideal length or composition of that peptide with respect to SRP binding, or an intrinsically weak binding of the 4+5S RNA per se, causing the complex to dissociate during the sucrose gradient step+ Nevertheless, the crosslinking results were extremely reproducible+ The second sucrose gradients (at low magnesium concentration) showed that 30-90 ϫ 10 3 cpm of 4+5S RNA remained bound to the 50S subunits, and this radioactivity was distributed approximately equally between the 23S rRNA and the ribosomal protein fractions in the third sucrose gradient (in SDS)+ In the absence of Ffh, or if the mRNA was omitted from the translation mixture, these levels of radioactivity were reduced by an order of magnitude+ In contrast, the amount of radioactivity associated with the 30S subunit was about threefold higher (100-300 ϫ 10 3 cpm), whereby about 20% of these counts cosedimented with the 16S rRNA and 80% with the protein fraction in the final sucrose gradient+ These levels of radioactivity were not affected by the omission of Ffh or mRNA from the reaction mixtures, and were even slightly increased when vacant 70S ribosomes or isolated 30S subunits were used in place of the full translation system+ In all cases, when 4+5S RNA containing no thio-U was used, no significant levels of radioactivity cosedimenting with the 50S or 30S subunits were observed, indicating that the crosslinking reaction does indeed involve the thio-U residues+
The identities of the crosslinked proteins were assayed with antibodies to the individual ribosomal proteins bound via a second antibody to agarose (Gulle et al+, 1988 )+ This test showed a clear and reproducible reaction with anti-S1 in the case of the crosslinking to the 30S subunit, and an example of the antibody assay is illustrated in Figure 2+ (The weak positive reaction with anti-S21 that is visible in Fig+ 2 was also reproducible+) In contrast, the corresponding assays of the crosslinked protein fraction from the 50S subunit gave no positive signal+
Localization of crosslink sites on 23S and 16S rRNA
The crosslink sites on the rRNA were localized by a series of digestions with ribonuclease H in the pres-
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ence of pairs of oligodeoxynucleotides complementary to selected sequences in the 16S or 23S molecules (Rinke-Appel et al+ 1991; Dontsova et al+, 1994 )+ In the subsequent gel electrophoresis, the radioactive 4+5S RNA will appear crosslinked either to the rRNA fragment lying between the two oligodeoxyncleotide positions (if these have straddled the crosslink site) or to the rRNA fragment between one of the oligodeoxynucleotides and the 59 or 39 end of the molecule+ Figure 3 shows examples of the ribonuclease H digestions, both for the Ffh-and mRNA-dependent crosslink to the 23S rRNA, and for the Ffh-independent crosslink to the 16S rRNA+ The sketches at the bottom of the figure illustrate the positions and sizes (rounded to the nearest 5 nt) of the rRNA fragments that could be released in the various digestions+ With the Ffh-dependent crosslink to 23S rRNA, it can be seen from Figure 3 that, in lanes 1 to 3, the released fragment attached to the 4+5S RNA becomes progressively smaller, thus corresponding to the rRNA region between the downstream oligodeoxynucleotide and the 39 end of the molecule in each case+ However, in lane 4 the released fragment "flips" to the position between the two oligodeoxynucleotides (a 120-nt fragment), and is further localized in lanes 5 and 6 to the region between oligodeoxynucleotides centered on positions 2822 and 2841 of the 23S rRNA+ Lanes 7-10 show this more dramatically; here, in all four lanes, the upstream oligodeoxynucleotide was kept constant (centered on position 2628), whereas the downstream oligodeoxynucleotide was moved a few bases at a time in the 39 direction, showing clearly that the "flip" occurs between lanes 8 and 9 (with the downstream oligodeoxynucleotide centered on positions 2828 and 2837, respectively)+ It is noteworthy that, in all cases (lanes 1 to 10), the ribonuclease H digestion was complete, with no material remaining at the start of the gel, and in the control samples without Ffh (where, as already noted above, the amount of crosslinked material was reduced by an order of magnitude), no trace could be observed on the gels of the crosslinked bands seen in Figure 3 , even after long exposure times; the crosslink is thus entirely dependent on the presence of Ffh+
With the Ffh-independent crosslink to 16S rRNA (on the right in Fig+ 3), the crosslinked fragment released becomes progressively smaller in lanes 1 to 6, indicating that, in each case, the crosslink lies between the downstream oligodeoxynucleotide and the 39 terminus of the 16S molecule+ However, in lanes 5 and 6, the digestion is incomplete, suggesting that the exact crosslink site is either somewhat heterogeneous, or else lies very close to the midpoint of the oligodeoxynucleotide in lane 6, centered on position 1525+ The same pattern of ribonuclease H digestion was found, regardless of whether vacant 70S ribosomes, 30S subunits, or the full translation system (with or without Ffh) were used as substrate for the crosslinking+ Our usual procedure in crosslink site determinations is to follow up the ribonuclease H digestions with a primer extension analysis to pinpoint the crosslink sites (e+g+, Rinke-Appel et al+, 1991; Dontsova et al+, 1992)+ However, in the case of the 16S crosslink, the site is obviously too close to the 39 end of the molecule to permit such an analysis+ With the 23S crosslink, our attempts to apply the primer extension method did not give an unequivocal result, perhaps because of the very small amounts of crosslinked material that we obtained+ Localization of the crosslinked thio-U residues on 4.5S RNA Identification of the thio-U residues in the 4+5S RNA that were involved in the crosslinks to 23S or 16S rRNA was achieved by a combination of ribonuclease H digestion and classical oligonucleotide fingerprinting (cf+ Dontsova et al+, 1992 Dontsova et al+, , 1994 ; examples are illus-FIGURE 2. Immunological analysis of crosslinked 30S proteins+ The histogram shows the radioactivity remaining bound to antibodies to each of the small subunit ribosomal proteins (S1 to S21), immobilized on agarose+ Crosslinking of 4.5S RNA to the E. coli ribosome 615 trated in Figure 4+ (It should be noted that the primer extension method cannot be used for this purpose, because the thio-U residues themselves cause pauses in the patterns of reverse transcription)+ Figure 4A shows the 4+5S RNA sequence, and indicates the oligonucleotides that would be released by ribonuclease T1 digestion as radioactive entities, visible on the fingerprint, from a transcript labeled with 32 P-UTP+ These oligonucleotides are numbered according to their U content and chain length (Brimacombe et al+, 1990) ; for example "38" is an octanucleotide containing three U-residues; the two parameters determine the position of the oligonucleotide on the fingerprint+ Figure 4A also shows the positions of the complementary oligodeoxynucleotides (numbered I-IV) that were used for ribonuclease H digestion; the secondary structure of the 4+5S RNA is exceptionally stable, and accordingly relatively long oligodeoxynucleotides had to be applied in these digestions to allow DNA-RNA hybridization to occur+ Figure 4B shows some typical ribonuclease H digestion patterns+ Lane 1 is a control of undigested, noncrosslinked 4+5S RNA, whereas lane 2 shows the digestion products obtained from the latter in the presence of oligodeoxynucleotide III (Fig+ 4A)+ The two principal bands of 70 and 40 nt in lane 2 represent the 59 and 39 regions of the molecule, respectively, and this was confirmed by oligonucleotide fingerprinting (not shown)+ Lanes 3 to 5 show the corresponding patterns obtained from the Ffh-dependent crosslink to 23S rRNA+ In lane 3, the crosslinked product was excised from the 23S rRNA with ribonuclease H as an 80-nt fragment attached to the complete 4+5S molecule (band a; cf+ Fig+ 3, lane 7)+ In lane 4, oligodeoxynucleotide III (Fig+ 4A) was also present in the digestion, and it can be seen that, whereas the 70-nt fragment (cf+ lane 2) is still present, the 40-nt fragment is absent+ This indicates that the crosslink must lie within the 39 fragment of the 4+5S RNA, and the digested crosslinked species runs as a new band (b in lane 4) at approximately the position of the undigested 4+5S RNA+ When oligodeoxynucleotides III and IV were added simultaneously to the digestion (lane 5), the situation is similar, except that band b has moved downwards (to band c), because the 39 terminal sequence has now been removed+ It follows that the crosslink site on the 4+5S RNA must be between the two thio-U residues at positions 75 and 98 (Fig+ 4A)+ This site localization was confirmed and extended by oligonucleotide fingerprinting of the 4+5S-23S rRNA crosslinked complex (Fig+ 4C)+ It can be seen from a comparison of the control fingerprint (noncrosslinked 4+5S RNA) with that of the crosslinked complex that the UG spot (12) is clearly missing from the latter+ The UG sequence (as a released ribonuclease T1 oligonucleotide) occurs at two adjacent positions in the 4+5S RNA, namely 82-83 and 84-85 (Fig+ 4A)+ In the radioactive 4+5S RNA transcript before crosslinking, each U position is a mixture of U (from the 32 P-labeled UTP) and thio-U (from the nonradioactive thio-UTP), whereas at a crosslink site, the U position concerned has obviously been selected so that only thio-U is present+ Thus, if the crosslinked nucleotide in this case was U-82, then two effects would be expected: (1) the radioactive UG spot from positions 82-83 should disappear from the fingerprint (by virtue of the crosslink itself), but also (2) the radioactive CG spot at positions 80-81 should concomitantly disappear, because U-82 must be exclusively thio-U in the crosslinked complex and hence G-81 would not be radioactive+ Because the CG spot was not absent from the fingerprint (although it was sometimes reduced in intensity, as in the example given in Fig+ 4C) , it follows by the same argument that the crosslinked residue is thio-U-84, whereby G-83 has lost its radioactivity+ An example of the ribonuclease H digestion of the Ffh-independent crosslink to 16S RNA is illustrated in Figure 4B , lanes 6 and 7+ Here, lane 6 is a control digest of 4+5S RNA in the presence of oligodeoxynucleotides I and III (Fig+ 4A), which leads to the appearance of three products, a short fragment (of about 10 nt) from the 59 terminus of the 4+5S molecule, a 60-nt fragment from the central region, and the same 40-nt fragment from the 39 region as in lane 2 of Figure 4B+ (A small amount of undigested 4+5S RNA is also present+) In the crosslinked sample (lane 7), which was excised Crosslinking of 4.5S RNA to the E. coli ribosome 617 J. Rinke-Appel et al.
as an 85-nt fragment from the 16S RNA (the residual undigested band d), the 40-nt and 10-nt fragments are still present, but the 60-nt central fragment is clearly absent, the digested crosslinked complex now being represented by band e+ This locates the crosslink site to the region approximately between positions 10 and 70 of the 4+5S sequence+ A similar digestion with oligodeoxynucleotide II in place of I (not shown) enabled this region to be narrowed down to positions 20 and 70, and hence the crosslink must lie between the two thio-U residues at positions 29 and 50 (Fig+ 4A)+ A further localization by fingerprinting was not possible in this case, as a result of the degeneracy of the oligonucleotide pattern (two 01 and two 38 products) in this region of the 4+5S sequence+ A localization of the site or sites on the 4+5S RNA involved in the Ffh-independent crosslink to protein S1 in the 30S subunit (Fig+ 2) was not undertaken+
DISCUSSION
The two inter-RNA crosslinks identified in this study are in many respects distinct+ One is entirely Ffh dependent and the other totally Ffh independent, one is to the 23S rRNA and the other to the 16S rRNA, and the two crosslinks are to opposite strands of the 4+5S RNA molecule+ The crosslink sites are shown in the appropriate regions of the secondary structures of the three RNA molecules in Figure 5+ In the case of the 23S rRNA, the corresponding structure for Haloarcula marismortui is also illustrated, as this is the species for which the atomic structure of the 50S subunit has been determined (Ban et al+, 2000) ; the secondary structures of H. marismortui and E. coli are somewhat different in the region (helices h99-h101) encompassing the crosslink site+ The X-ray crystallographic structure reported for the 4+5S RNA/Ffh complex (Batey et al+, 2000) comprises the M domain of the protein and nt 33-74 of the 4+5S molecule, stabilized by an extra 3 bp+ Whereas the Ffh-independent crosslink (nt 29-50) lies largely within this RNA region, the Ffh-dependent crosslink (nt 84) lies a few nucleotides outside it (Fig+ 5)+ Accordingly, to investigate possible orientations of the 4+5S RNA on the ribosome in the light of our crosslinking data, the crystal structure (Batey et al+, 2000) was extrapolated to include the rest of the 4+5S molecule using the program ERNA-3D (Mueller & Brimacombe, 1997) , and was docked onto the atomic structure of the 50S (Ban et al+, 2000) or 30S (Wimberly et al+, 2000) ribosomal subunit+ The results of these modeling studies are illustrated in Figure 6+ Figure 6A,B shows the modeled structure for the Ffh/ 4+5S RNA complex docked onto the 50S subunit via the crosslink from U-84 of the 4+5S molecule to the junction of helices h100 and h101 in domain VI of the 23S rRNA (Fig+ 5)+ These two helices are located low down on the L7/L12 side of the 50S subunit (Fig+ 6A; Ban et al+, 2000) , and the 4+5S RNA can be rotated about the U-84 crosslink site so as to bring the Ffh moiety into the direct proximity of the peptide tunnel exit site at the base of the subunit (Fig+ 6B)+ In this orientation, the groove in the M domain of Ffh that has been proposed to accommodate the signal peptide sequence (cf+ Keenan et al+, 1998; Batey et al+, 2000) lies in a plausible position at the tunnel exit, where it could interact with the signal sequence as soon as the latter emerges from the 50S subunit+ The most direct evidence that the nascent peptide does indeed pass through the tunnel was provided by crosslinking studies using a diazirine photoreagent attached to the N-terminus of in situ synthesized peptides of different lengths (Stade et al+, 1995; Choi & Brimacombe, 1998) ; when the peptide was ;30 amino acids in length, crosslinking was observed in those experiments to E. coli 23S rRNA nt 91+ The equivalent nucleotide in H. marismortui 23S rRNA is also located at the tunnel exit (Ban et al+, 2000) , just opposite the modeled position of the Ffh moiety in Figure 6B+ The Ffh-dependent crosslink from U-84 to the 23S rRNA is thus fully consistent with the SRP function of the 4+5S/Ffh complex in signal peptide sequence recognition+
In the absence of any data beyond the U-84 crosslink (in the direction of the 39 and 59 termini of the 4+5S RNA), the extrapolated region of the molecule (shown green in Fig+ 6) has been modeled as an approximately A-form helix, extending the crystal structure (Batey et al+, 2000) + It should be noted, however, that there are several looped-out sequences in the secondary structure (Fig+ 5), which could allow this extrapolated region to bend so as to wrap more closely around the 50S subunit (Fig+ 6A,B)+ The same extrapolated structure for the 4+5S RNA was used to model the Ffh-independent crosslink site to helix 45 of the 16S rRNA (Fig+ 6C)+ In this case, the orientation of the molecule relative to the crosslink site is arbitrary (but see below), there being no second "anchor point" corresponding to the peptide tunnel exit in Figure 6B+ Because the crosslink to 16S rRNA is formed even with isolated 30S subunits, we have no "functional control" for it and we therefore cannot exclude that it represents an experimental artefact+ (This is in direct contrast to the situation regarding the crosslink to 23S rRNA, where omission of Ffh or mRNA causes total abolition of the crosslink+) There is, for example, a strong Shine-Dalgarno-type sequence at the loop end of the 4+5S molecule (Fig+ 5) that could give rise to a possibly fortuitous interaction with the 39 end of the 16S rRNA+ On the other hand, it is interesting that three of the mutations reported by O'Connor et al+ (1995) that suppress the requirement for 4+5S RNA lie in helices 23a and 34 of the 16S rRNA, all three of these sites being located quite close to our 4+5S
Crosslinking of 4.5S RNA to the E. coli ribosome 619 crosslink site at the base of helix 45 in the threedimensional structure of the 30S subunit (Schluenzen et al+, 2000; Wimberly et al+, 2000) + This proximity argues in favor of some functional significance for the crosslink+ Protein S1, which we identified as the crosslinked protein target from the 4+5S RNA (Fig+ 2), also belongs to the same topographical neighborhood (Sengupta et al+, 2001 ); S1 was not included in the X-ray structure of Wimberly et al+ (2000) , and is accordingly not visible in Figure 6C+ As noted in the Introduction, 4+5S RNA is well known to interact with EF-G, and the factor binding site overlaps the binding site for Ffh at the loop end of the 4+5S molecule (Jovine et al+, 2000; Nakamura et al+, 2001 )+ Furthermore, the loop-end region contains a 10-nt sequence that is identical to that of nt 1068-1077 in the E. coli 23S rRNA (Brown, 1989) ; the latter sequence is located in the loop end of helix h43, which contains footprint sites for EF-G (Moazed et al+, 1988 )+ EF-G in various different functional conditions has been located on the E. coli 70S ribosome by cryoelectron microscopy (cryo-EM; Agrawal et al+, 1998; Stark et al+, 2000) + All of the locations found lie in the same general area of the intersubunit space, the most well-defined state being that observed in the presence of fusidic acid (Agrawal et al+, 1998; Stark et al+, 2000) + In this state, the orientation of the factor is almost identical to that seen in a similar cryo-EM reconstruction made with the EF-Tu/tRNA complex (Stark et al+, 1997) , and, accordingly, we modeled the EF-G molecule onto the latter reconstruction at 13 Å resolution , superimposing it as closely as possible onto the electron density of the EF-Tu/tRNA+ This location was then transferred to the 9 Å reconstruction of the 50S subunit, as in Mueller et al+ (2000) + The result is shown together with the two positions for the 4+5S RNA discussed above in Figure 6D+ The view in Figure 6D is from the interface side of the 50S subunit, and the first and most obvious conclusion to be drawn is that the position of the 4+5S RNA/Ffh complex in its SRP functional state (as in Fig+ 6A,B) is nowhere near the location of EF-G+ This observation is of course inherent in the fact that, whereas the binding sites for Ffh and EF-G overlap at the loop end of the 4+5S molecule, the binding site for EF-G on the ribosome is on the interface side of the 50S subunit and the peptide tunnel exit is on the solvent side+ The second binding site for the 4+5S RNA, as modeled onto the 30S subunit, is shown in the same position as in Figure 6C (but now relative to the 50S subunit) on the upper left side of Figure 6D+ As already noted, the modeled orientation of the 4+5S molecule relative to the crosslink site on the 16S rRNA is arbitrary, but in such an orientation there could, in principle, be some interaction between the loop end of the 4+5S and domain 4 of the EF-G (the domain extending out to the left side of the latter)+ This does not seem very plausible, however, because the 4+5S RNA bound (or crosslinked) to the base of h45 of the 16S rRNA would-in any orientation-interfere with P site tRNA binding, and the P site is always occupied during the elongation phase of protein synthesis, both in the preand posttranslocational states+ Thus, the crosslink to 16S rRNA is unlikely to be relevant to the interaction between 4+5S RNA and EF-G+ Moreover, even in this most favorable orientation (Fig+ 6D), the loop end of the 4+5S RNA is still far from the homologous decanucleotide sequence in the 23S rRNA in h43 mentioned above (the red element on the upper right in Fig+ 6D )+
In conclusion, we have identified two highly specific crosslinks between the 4+5S RNA and the ribosomal RNA+ The Ffh-dependent crosslink to the 23S rRNA is compatible with the SRP function of the 4+5S RNA, and gives a first approximation as to how the 4+5S molecule is oriented on the ribosome in this mode+ On the other hand, the Ffh-independent crosslink to the 16S rRNA represents-if any-a hitherto unknown function of the 4+5S RNA+ Neither of the two crosslinks appears to be compatible with an interaction of 4+5S RNA with EF-G on the ribosome, and further crosslinking experiments are in progress to see whether we can observe such an interaction in the presence of antibiotics, and if so, where the 4+5S molecule is located relative to the ribosome in this situation+
MATERIALS AND METHODS
Preparation of 4.5S RNA containing thio-U
DNA coding for 4+5S RNA was amplified from total E. coli DNA by PCR using the primers ATGGATCCTAATACGACT CACTATAGGG and TATGCATGGTGGGGGCCCTGCCAG+ The PCR product was cleaved with BamHI and Nsi I restriction endonucleases and ligated to the vector pSL1180 (Pharmacia), cleaved by the same endonucleases+ In the resulting construct, the 4+5S RNA is under the control of the T7 promoter, so that a 4+5S molecule with a mature 39 end could be obtained by in vitro run-off transcription of the plasmid after cleavage with Nsi restriction endonuclease+ The PCR products were verified by automated sequencing+ Aliquots of the purified 4+5S PCR-DNA (7 pmol) were transcribed directly with T7 polymerase in the presence of ATP, CTP, and GTP, together with a mixture of a-32 P-UTP (Amersham-Buechler), unlabeled UTP, and thio-UTP to give a UTP:thio-UTP molar ratio of 1:5 (cf+ Dontsova et al+, 1994 )+ The yield of 4+5S RNA obtained was typically ;300 pmol, with a specific activity of 1+3 ϫ 10 6 cpm/pmol+ The ratio of Up:thio-Up in the transcripts was determined by digestion with ribonuclease T2 followed by two-dimensional thin-layer chromatography (Stade et al+, 1989 )+
Isolation of protein Ffh
A gene coding for the full-length Ffh protein was amplified from total E. coli DNA by PCR using the primers TTTGAT AATTTAACCGATCG and ATCTCGAGGCGACCAGGGAA GCC+ The PCR product was cleaved with XhoI endonuclease and ligated to the vector pET33b (Novagen) cleaved by NcoI, treated with T4 DNA polymerase and cleaved with XhoI+ In the resulting construct, the sequence coding for the fulllength Ffh protein together with a C-terminal tag of six histidine residues is located downstream of the T7 promoter+ Expression of the protein was induced in BL21 DE3 cells by 1 mM IPTG+ The overexpressed protein was isolated from the induced cells using the Ni-NTA spin kit (Qiagen) according to the manufacturer's instructions+ The final product was dialyzed against 1,000 vol of 20 mM Tris-HCl, pH 7+6, 10 mM MgCl 2 , 50 mM NaCl, 1 mM dithiothreitol, 0+1% Tween 20, and 50% glycerol+ The product was analyzed for purity and protein content by polyacrylamide gel electrophoresis, and was stored in aliquots at Ϫ20 8+ Ffh/4.5S RNA complex formation Equimolar amounts of 32 P-labeled thio-U-containing 4+5S RNA and Ffh protein were incubated together in a buffer consisting of 20 mM Tris-HCl, pH 7+5, 10 mM MgCl 2 , 200 mM NaCl, 10 mM dithiothreitol, 30 mM 2-mercaptoethanol, 0+01% Igepal CA 630 (Sigma), and 1 mg/mL BSA for 10 min at 37 8C, followed by 20 min at 4 8C (cf+ Batey et al+, 2000)+ Complex formation was monitored by electrophoresis on 5% nondenaturing polyacrylamide gels containing 5 mM magnesium acetate, 20 mM NH 4 Cl, and 75 mM Tris-HCl, ph 7+8 (cf+ Lentzen et al+, 1994; Suzuma et al+, 1999 )+ The gels were run with low voltage at 4 8C+
Preparation of mRNA
The b-lactamase (bla) gene was excised from the vector pTYB-ZZ (A+V+ Petrov, unpubl+ data) by cleavage with SspI endonuclease, then cloned back into pTYB-ZZ cleaved by XbaI and treated with T4 DNA polymerase+ In the resulting construct, the full-length bla gene is under the control of the T7 promoter+ DNA fragments of suitable length for run-off transcription were prepared by PCR amplification with appropriate primers+ For this study, the DNA construct used (blaR1) contained the T7 promoter together with the first 69 amino acids of the b-lactamase+ Transcription of the PCR DNA fragment with T7 polymerase was carried out as previously described (Choi & Brimacombe, 1998) and the transcribed mRNA was purified by gel electrophoresis (Stade et al+, 1989; Dontsova et al+, 1992 )+
In vitro translation and purification of nascent chain/ribosome complexes
Initiator tRNA fMet was charged with 35 S-methionine using tRNA-free S100 enzymes (Rheinberger et al+, 1988) and subsequently formylated+ Initiation reaction mixtures (75 mL) were prepared containing 120 pmol E. coli 70S tight couple ribosomes (Rheinberger et al+, 1988) , 188 pmol blaR1 mRNA (see above), 96 pmol formylated Met-tRNA fMet , and 75 pmol each of the initiation factors IF-1, IF-2, and IF-3 in 20 mM HEPES-KOH, pH 7+5, 60 mM NH 4 Cl, 7+5 mM magnesium acetate, 1 mM dithiothreitol, and 1 mM GTP, pH 7+5 (Stade et al+, 1995) + The mixtures were incubated for 10 min at 37 8C+ Similarly, elongation reaction mixtures (75 mL) were prepared containing bulk tRNA (Boehringer, 4+5 nmol), amino acid mixture minus methionine (Promega, 45 nmol) and S100 enzymes (Stade et al+, 1995) , together with 1+15 nmol of 35 S-methionine at low specific activity (65,000 cpm/pmol) in 20 mM HEPES-KOH, pH 7+5, 60 mM NH 4 Cl, 13 mM MgCl 2 , 1 mM dithiothreitol, 4 mM ATP, pH 7+5, 10 mM phosphoenol pyruvate, and 1+2 mg/mL pyruvate kinase+ After incubation for 5 min at 37 8C the elongation and initiation reactions were mixed to give a total volume of 150 mL, and incubated for a further 15 min at 37 8C+
At the end of the translation incubation, the mixtures were kept on ice for 5 min and then layered over a 0+5 M sucrose cushion (2 mL) containing 10 mM Tris-HCl, pH 7+8, 100 mM NH 4 Cl, 10 mM magnesium acetate, and 6 mM 2-mercaptoethanol (cf+ High et al+, 1991) , followed by centrifugation at 36,000 rpm for 4 h at 4 8C in a Beckman Ti 50 rotor+ The ribosomal pellets were resuspended in 100 mL of translation buffer (20 mM HEPES-KOH, pH 7+5), 5 mM phosphoenol pyruvate, and 0+6 mg/mL pyruvate kinase)+ Aliquots of the purified nascent chain/ribosome complexes were subjected to protein analysis on 15% polyacrylamide gels in SDS followed by autoradiography, to examine the products of peptide synthesis+ This showed that approximately 7% of the ribosomes had synthesized the nascent chain+ Crosslinking of the Ffh/4.5S RNA complex to the nascent peptide/ribosome complex One hundred microliters of purified nascent peptide/ribosome complex (containing ;120 pmol of 70S ribosomes) was adjusted to the buffer concentration of the preformed Ffh/4+5S RNA complex (see above; 20 mM Tris-HCl, pH 7+5, 10 mM MgCl 2 , 200 mM NaCl, 10 mM dithiothreitol, 30 mM 2-mercaptoethanol, 0+01% Igepal, and 1 mg/mL BSA) and then mixed with the Ffh/4+5S complex containing 30-40 pmol of 32 Plabeled 4+5S RNA+ This amount of complex, although submolar with respect to the total amount of 70S ribosomes (120 pmol), represents an excess over the fraction of ribosomes carrying a nascent chain (see previous paragraph)+ This ratio of components was chosen so as to increase the absolute levels of crosslinked products formed+ The mixtures were incubated for 5 min at 25 8C then 5 min on ice, followed by irradiation at 350 nm for 15 min as described by Dontsova et al+ (1994)+ 
